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Abstract 
Self-assembly monolayer (SAM) molecules were immobilized onto the surface of indium tin oxide (ITO) for the 
improvement of organic photovoltaic devices (OPVs). For bulk heterojunction (BHJ) solar cells, several key factors 
were considered in the choice of molecules for the improvement of the anodic ITO as follows: effects of anchoring 
groups, dipole moments, and aromatic bulk to photovoltaic properties. In particular, improvements of power 
conversion efficiencies (PCEs) of 4.5-4.7 times were observed from unmodified ITO with the use of benzoic acid and 
4-cyanobenzoic acid monolayers. 
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1. Introduction 
ITO on a glass or plastic substrate is commonly used as the anode of OPVs because of its transparency 
and conductivity. For several years, numerous researches have focused on the electrical and surface 
properties of ITO. As a metal oxide, the surface energy of ITO is quite incompatible with the hydrophobic 
polymeric materials in the active layer of OPVs. The work function of ITO vary depending on the source, 
preparation method [1,2], and surface treatment [3] but is usually not high enough when paired with 
polymeric active layer materials used in OPVs.  
The use of the conducting polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) as an interfacial material between the anode and the active layer to stabilize and increase 
the anode work function is highly common in OPV work [4]. PEDOT:PSS modified ITO anodes were 
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found to be more uniform electrically, to block more electrons, to have enhanced hole collection, and to 
have increased open circuit voltage compared to bare ITO anodes [5-8]. However, PEDOT:PSS was 
found to undergo phase separation after casting, lowering its conductivity [5, 9,10]. Also, its acidity has 
been found to etch from the ITO surface leading to migration to the active layers, decreasing current 
injection in hole-only devices (HOD, unipolar devices that contain only hole-carrier materials between 
two electrodes) [11]. 
The use of self-assembly monolayer (SAM) molecules to modify the ITO surface has been largely 
studied for the improvement of organic light-emitting diodes. It has been shown to increase the 
wettability of the ITO surface, promote charge injection and shift the anodic work function [12-15]. The 
shift in the potential energy (∆x) of the anodic ITO due to the presence of SAM is expressed by the 
equation:  
∆x = qΓμ٣ /ε0ε,      (1)  
where Γ is the molecular surface concentration (m-2),  μ٣ is the perpendicular dipole moment (debye), q is 
the majority carrier charge, ε0 is the permittivity of the vacuum layer, and ε is the dielectric constant of 
the organic bilayer [16].  
For ITO modification, some common attaching groups are carboxylic acid [15,17,18], phosphonic acid 
[13,14,19], and silanes [20-22]. Aside from affecting Γ, each attaching group has an inherent dipole 
associated with it that could affect ∆x [4,23]. The μ٣ of the SAM can be controlled by modifying 
functional groups in the rest of the molecule to match that of the attaching group. Although modifications 
on the work function ITO with the use of SAM molecules for OPVs have been previously reported, they 
were focused mainly on hybrid devices [24] or on small molecule-based devices [25,26].  In this paper, 
the different SAM molecules that may be used to improve the photovoltaic properties of BHJ solar cell by 
modifying the ITO anode are surveyed. 
2. Experimental procedure 
2.1. Materials 
SAM molecules, 1-pyrenecarboxylic acid (pCA) and 4-(thiophen-2-yl) benzoic acid (tBA) were 
purchased from Aldrich. Other SAM molecules, phenyltrichlorosilane (PTCS), phenylphosphonic acid 
(PPA), benzoic acid (BA), 2-naphthoic acid (NA), and 4-cyanobenzoic acid (cBA), and the solvents, 
dehydrated tetrahydrofuran (THF) and dehydrated ethanol were purchased from Wako Pure Chemical 
Industries (Japan). ITO coated glass (10Ω) was purchased from Geomatec (Japan). The active layer 
components poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) 
were purchased from Rieke Metals and American Dye Source respectively. 
2.2. SAMs on ITO 
Before SAM deposition, ITO glass slides (25 mm x 20 mm2) were cleaned by subjecting them to a 20-
minute sequence ultrasonic agitation with acetone, deionized water, detergent, deionized water, and 
ethanol. The slides were then dried and subjected to UV-Ozone (UV-253, Filgen, Inc.) treatment as a 
final cleaning step. SAM was then deposited on to a slide using the tethering by aggregation and growth 
method [27,28] by vertically suspending the ITO slide in a 1mM solution of SAM molecules in THF. The 
solution was allowed to slowly evaporate such that the solution level would fall below the suspended 
slide. The treated slide was then heated at 140ºC for 48 hours to bond the SAM to the surface. Following 
this, the slide was then rinsed and sonicated with THF to remove multilayers, washed with ethanol and 
then dried under nitrogen. 
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2.3. Fabrication of OPVs 
2.3.1. BHJ Solar Cells 
 
After drying, the SAM modified ITO glass slides were used as anodes for BHJ devices. A PEDOT:PSS 
(Clevios P VP Al 4083 by Starck) layer was first alternatively spin-coated on top of the SAM of the 
anodic ITO. After that, a solution of P3HT and PCBM in chlorobenzene (15:7.5 mg·ml-1) was added as 
the next coating, yielding a thickness of about 130 nm. The films were then annealed at 150ºC in an N2-
filled glove box for six minutes. A hole-blocking layer of TiO2 was then coated above the films and an Al 
electrode (100nm) was deposited using a vacuum evaporation system. 
2.3.2. Hole-only devices (HODs) 
 
HODs were fabricated from SAM modified anode by spin-coating a P3HT layer (30 mg·ml-1, ~200nm) 
on top of the anode and depositing a top Au electrode through thermal evaporation. The photocurrent-
voltage characteristics were measured under ambient atmosphere and simulated solar light (AM 1.5, 100 
mW cm-2) on CEP-2000 (Bunkoh-Keiki) at dark conditions.  
2.4. Characterization 
2.4.1. SAMs 
 
The Γ was measured using Langmuir isotherms [29]. The μ٣ was taken to be the dipole magnitude 
along the bond connecting the attaching group to the rest of the molecule. It was computed using the 
dipole moment values for the free molecules obtained using the GAMESS software and the models of the 
molecules in Chem3D. The contact angle was measured using a sessile droplet technique. The first 
ionization potentials of anodes with PEDOT:PSS layers were measured using an AC3 Apparatus (Riken 
Keiki).   
2.4.2. SAM-modified BHJ Solar Cells 
 
The photocurrent-voltage characteristics were measured under ambient atmosphere and simulated solar 
light (AM 1.5, 100 mW cm-2) on CEP-2000 (Bunkoh-Keiki). A photo mask with an area of 0.0500 cm2 
was used to define the active area of the device irradiated by the light. Transmission and adsorption 
spectra were obtained from a UV-vis spectrophotometer (UV-2450 Shimadzu).  
3. Results and Discussion 
The effect of the different properties of SAMs (Fig. 1) – attachment group (PTCS, PPA, and BA), 
dipole moment (BA, cBA, and tBA), and aromatic bulk (BA, NA, and pCA)  – to the different 
photovoltaic properties are as follows: 
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Fig. 1. Chemical structures of the SAMs used: PTCS, PPA, BA, NA, pCA, tBA, and cBA. 
3.1. Short circuit current density improvement 
 
In the case of all devices with SAM-modified anodes used in the study except PTCS, the short circuit 
current density (JSC) increased from that of devices with bare ITO (Table 1, Fig. 2.1). The improvement in 
JSC may be due to better charge injection or wettability of the polymeric active layer on the anode. SAM-
modified ITO anodes have increased water contact angles compared to ITO (Table 2), indicating a more 
nonpolar surface which matched the organic layer better.  
Table 1. Photovoltaic Properties of BHJ solar cells of glass/ITO/SAM/PEDOT:PSS/P3HT:PCBM/TiOx/Al. 
Anode SAM JSC (mA/cm2) VOC (V) FF η (%) 
ITO/SAM 
PTCS 0.261 0.128 0.248 0.008 
PPA 3.832 0.127 0.255 0.125 
BA 5.364 0.401 0.334 0.717 
cBA 5.543 0.507 0.242 0.679 
tBA 3.306 0.374 0.195 0.241 
NA 2.746 0.349 0.276 0.264 
pCA 1.906 0.237 0.263 0.119 
 Bare ITO 1.349 0.453 0.251 0.153 
ITO/SAM/PEDOT:PSS 
PTCS 5.593 0.193 0.253 0.273 
PPA 6.527 0.561 0.492 1.802 
BA 6.616 0.595 0.479 1.885 
cBA 6.574 0.591 0.481 1.871 
tBA 5.769 0.583 0.394 1.325 
NA 4.769 0.547 0.433 1.130 
pCA 5.519 0.500 0.444 1.226 
Without SAM 6.331 0.549 0.458 1.592 
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Fig. 2. J-V Curves of BHJ solar cells of (a) glass/ITO/SAM/P3HT:PCBM/TiOx/Al and (b) 
glass/ITO/SAM/PEDOT:PSS/P3HT:PCBM/TiOx/Al. 
Table 2. The surface density (Γ), calculated perpendicular dipole moment (μ٣) and the contact angle of glass/ITO/SAMs. 
Anode/Modifier Γ (molecules/m2) 
 
(Debye) 
Contact 
Angle (º) 
PTCS 5.91E+19 3.439 68.4 
PPA 2.03E+19 2.683 78.2 
BA 5.33.E+19 0.893 122.2 
cBA 6.04E+18 -2.841 67.8 
tBA 3.49E+18 0.549 73.1 
NA 1.18E+20 1.014 73.4 
pCA 4.12E+19 3.482 79.0 
PEDOT:PSS - - <20 
Bare ITO - - <20 
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Fig. 3. I-V Characteristics of hole-only devices consisting of glass/ITO/SAM/P3HT(200nm)/Au(100nm). 
 
In order to investigate the effect of SAM modification to charge injection, HODs were constructed for 
SAM-modified anodes (Fig. 3).  Figure 3 suggests that among all the SAMs used, only modification with 
PTCS degraded charge injection. Comparing the trend of charge-injection for modified HODs and the JSC 
of photovoltaic devices, it can be said that the measured performance for HODs gives a good 
approximation of JSC. The trend for the improvement of HOD performance through SAM-modification, 
though, is not exactly the trend for the increase in JSC because electrons from PCBM in photovoltaic 
devices can recombine with holes at sites in the SAM molecule.  
The effect of the attachment groups of SAMs to JSC can be seen by comparing the three phenyl bearing 
SAMs, PTCS (silane), PPA (phosphonic acid) and BA (carboxylic acid) (see Fig. 1). The low charge 
injection of PTCS modified-HODs may explain why the JSC of PTCS-modified solar cells are lower than 
that of unmodified devices. The lower charge injection maybe due to the possible presence of multilayers 
resulting from self-polymerization of the molecules [30]. These multilayers may not be removed through 
the solvent wash and may hinder charge transport at the interface, resulting to low JSC.  
Compared to BA-modified ITO, the Γ of PTCS-modified ITO is high and the contact angle is 
significantly lower, indicating a lower surface coverage of PTCS molecules and concentration of PTCS in 
specific areas, confirming the presence of multilayers. BA-modified devices gave the best performance in 
terms of JSC. This can be due to the better wetting of P3HT with BA-modified electrodes as indicated by 
the high contact angle of 122.2º.  PPA-modified anodes whose contact angles fall between the values of 
PTCS and BA modified anodes brought about devices with JSC values between PTCS and BA modified 
devices. 
The relationship between contact angle and JSC however does not apply with SAMs with different 
functional groups, as JSC is not only affected by surface wetting but also by charge transfer properties. For 
SAMs that only differ with the size of conjugated bulk, BA, NA, and pCA (Fig. 1), JSC decreases with 
the size of the aromatic group. Since the distance of the ITO to the aromatic groups is just two single 
bonds (~2.5 Å), there is a good possibility for reverse current to occur wherein electrons from ITO inject 
into the SAM molecules [31]. Reverse current can increase with the size of the aromatic group since there 
are a greater number of sites wherein charges can remain trapped with increasing size. The increase in 
reverse current decreases JSC because of charge recombination. Another factor that could increase 
charge recombination and decrease JSC is the ability of the monolayer to accept electrons from PCBM. 
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SAMs are more widely used for inverted photovoltaic devices, where they are used for electron transport 
[24].  
For benzoic acids with functional groups at the para position to the carboxylic group (cBA and tBA)
(Fig. 1), the trend for charge injection performance determined from SAM-modified HODs were followed 
for JSC. cBA-modified anodes gave the best performance in terms of JSC, followed closely by BA-
modified devices, with tBA-modified devices giving the poorest performance. The thiophene group is 
also an aromatic group; such that like in NA and pCA, reverse current is also increased for the bicyclic 
compound. However, since the second aromatic ring of tBA is at the para position situated farther away 
from ITO, the reverse current may be smaller than that of the NA-modified ITO, resulting to a relatively 
higher JSC compared to NA. 
The measured JSC of all SAM-modified devices are lower than those of unmodified devices with a 
PEDOT:PSS layer. This is consistent with the lower performance (compared to PEDOT:PSS) of SAM 
modified HODs. The insertion of a PEDOT:PSS layer to SAM-modified devices resulted to an increase in 
JSC for all devices (Table 1, Fig 2.2) due to the increased hole-collection and electron blocking properties 
of PEDOT:PSS. Devices modified with NA, pCA, PTCS and tBA-modified devices with a PEDOT:PSS 
layer have lower JSC compared to unmodified devices with a PEDOT:PSS layer. As discussed, PTCS-
modified devices have poor charge injection due to a heterogeneous surface coverage, while pCA, NA, 
and tBA-modified devices have charge-recombination issues due to the presence of reverse current. 
Slightly higher JSC (than PEDOT:PSS devices) were obtained for anodes modified with BA, PPA, and 
cBA. 
3.2. Open circuit voltage and dipole moment 
The changes from unmodified devices of the open circuit voltage (VOC) can mainly be attributed to the 
dipole moment perpendicular to the ITO surface. The orientation of the perpendicular dipole affect VOC as 
the dipole generates an electric field either supports or suppresses the built-in electric field of the device. 
For BHJ devices, the built-in electric field is oriented such that anodes modified with molecules having 
dipole moment pointing away from the ITO surface suppress this built-in electric field (see μ٣ in Table 2).  
For PTCS, PPA, and BA, the difference in the magnitude of the dipole moment along the 
perpendicular axis is due to the geometry and charge distribution of the attaching groups. For all 
molecules, this dipole moment points away from the ITO surface, and as expected, the obtained VOC 
decreased from the unmodified devices. 
For BA, cBA, and tBA, the orientation and magnitude of the dipole moment depend on the functional 
group positioned para to the attaching group. BA and tBA have dipole moments pointing away from the 
ITO surface, leading to a reduction in VOC and cBA has a dipole moment pointing into the ITO surface 
leading to an increase in VOC. 
For BA, NA, and pCA, the perpendicular dipole moment differed from each other due to the geometry 
of the molecule. The dipole moment for all three SAM molecules pointed away from the ITO surface, 
leading to decreased VOC. The magnitude of the perpendicular dipole moment may not directly 
correspond to the change in VOC since the perpendicular dipole moment was computed for free molecules 
and not for the adsorbed layer, but gives a good enough estimate. 
The insertion of a PEDOT:PSS layer to SAM-modified anodes resulted to VOC values near that of 
unmodified anodes with PEDOT:PSS (0.549 V) except for PTCS (Table 1, Fig. 2.2). VOC is measured 
from the difference of work function between the anode and the cathode. Since the anode is coated with a 
~30 nm film of PEDOT:PSS which is much thicker than the monolayer, the work function of SAM-
modified anode with PEDOT:PSS is relatively equal to the work function of the unmodified PEDOT:PSS 
anode, resulting to similar VOC in most cells. This is seen in the relatively equal measured first ionization 
potentials of the modified anodes with a PEDOT:PSS layer given in Table 3. For PTCS-modified devices 
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however, the multilayers of PTCS can disrupt the PEDOT:PSS film. This may explain why the change in 
VOC upon the addition of PEDOT:PSS is negligible.  
 
3.3. Power Conversion Efficiencies 
Since the obtained FF values (Table 1) for all SAM-modified anodes are relatively constant, the 
changes in power conversion efficiency (PCE) can mainly be attributed from the shift of VOC and JSC. 
Devices modified with PTCS, PPA, and pCA have lower PCE than unmodified devices. PTCS-modified 
devices have the lowest PCE because of low VOC and JSC. PPA and pCA have low PCE mainly due to the 
reduced VOC. NA and tBA-modified devices have slightly higher PCEs than unmodified devices because 
of their increased JSC compensating for their lower VOC. BA-modified devices have relatively good 
performance because the VOC did not lower significantly from unmodified devices while the JSC increased. 
cBA-modified devices have good performance too because of the higher VOC and JSC compared to those 
of the unmodified ones. And since the VOC obtained for SAM-modified devices, except for PTCS, remain 
relatively constant, the increase in PCE for modified devices with a PEDOT:PSS layer followed the 
increase in JSC. 
4. Conclusions 
The modification of the anodic ITO with SAMs resulted to improvements in terms of JSC from bare 
ITO devices except for PTCS. The VOC of devices modified with SAMs which have μ٣  pointing into the 
ITO surface increased for unmodified devices and decreased for the opposite case. The FF was relatively 
constant for all devices. The ITO modified with BA gave the highest PCE from all the SAM molecules 
used. The PCE obtained though was still lower than devices modified with PEDOT:PSS. Devices 
modified with BA and cBA with a PEDOT:PSS layer resulted to higher PCEs than unmodified ones with 
PEDOT:PSS.     
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